a b s t r a c t
Caffeine is an antagonist at A1 and A2A adenosine receptors and epidemiological evidence suggests that caffeine consumption reduces the risk of Alzheimer's and Parkinson's diseases. Neuroinflammation plays a role in the etiology of these diseases and caffeine may provide protection through the modulation of inflammation. Adenosine has a known role in the propagation of inflammation and caffeine may reduce microglia activation directly by blocking adenosine receptors on microglia. Chronic neuroinflammation is associated with an increase in extracellular levels of glutamate and drugs that limit the effects of glutamate at neuronal receptors have been shown to indirectly reduce the neuroinflammatory response of microglia cells. A1 and A2A receptors have been shown to regulate the pre-synaptic release of glutamate, therefore, caffeine may also reduce neuroinflammation via its ability to regulate glutamate release. Caffeine was administered at various doses to young rats with experimentally induced neuroinflammation by chronic infusion of lipopolysaccharide (LPS) over two or four weeks into the 4th ventricle and to aged rats with naturally elevated levels of microglia activation. Caffeine attenuated the number of activated microglia within the hippocampus of animals with LPS-induced and age-related inflammation.
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Chronic neuroinflammation is associated with a cascade of selfpropagating cellular events including blockade of glutamate uptake by glia [38] and enhanced release of glutamate [2] . Neurons can cope with the short lasting high influx of calcium ions seen during physiological activation; however, compensatory mechanisms are not sufficient in the case of lower, but prolonged ion influx as likely occurs in the presence of chronic neuroinflammation [4, 23] . There is a clear need for a pharmacological strategy to attenuate the dysregulation of glutamate neurotransmission and the subsequent increase in calcium influx into vulnerable neurons [24, 39] . We have previously demonstrated that the selective antagonism of N-methyl-d-aspartate (NMDA) receptors by memantine can reduce significantly the number of activated microglia within the hippocampus of young rats chronically infused with LPS into the 4th ventricle and restore glutamate-dependent calcium signaling via NMDA channels [35, 37] . Because microglia in the hippocampus do not express voltage-gated NMDA channels and memantine does not influence the effects of LPS upon cultured microglia [35] we speculated that the ability of memantine to reduce the activation of resident microglia was related to a general blockade of the synaptic effects of glutamate between neurons [37] . In order to further investigate the role of glutamate in the regulation of microglia activation we manipulated adenosine receptor function in the presence of chronic neuroinflammation. Adenosine may regulate aspects of the brain's inflammatory processes in multiple and complementary ways [9, 17, 34] . Additionally, adenosine modulates the pre-synaptic release of glutamate via A1 (inhibition) or A2A (facilitation) [11, 13, 41] and corresponding NMDA receptor function [10, 32] . Adenosine type A1 and A2A receptors on glutamatergic terminals play a critical role in the control of pre-synaptic glutamate release [6, 25, 26, 30, 31, 33] particularly within the hippocampus [6, 10, 25, 26] . The relationship between glutamate and adenosine neural systems may be reciprocal: a recent report concluded that increased levels of extracellular glutamate are able to convert the anti-inflammatory influence of A2A receptor activation to proinflammatory [8] .
Caffeine is an antagonist at both adenosine type A1 and A2A receptors and epidemiological evidence suggests that caffeine consumption is inversely correlated with the risk of Alzheimer's and Parkinson's diseases [12, 28, 40] which are associated with chronic neuroinflammation [18, 19] . Likewise, protection by caffeine has been demonstrated in animal models of Parkinson's disease [3, 5, 7, 22] . The current study investigated the ability of caffeine to reduce the number of activated microglia associated with experimentally induced neuroinflammation in young rats by exposure to lipopolysaccharide (LPS).
The subjects were sixty, 3-month-old male F-344 (Harlan Sprague-Dawley, Indianapolis, IN) rats. LPS (250 ng/h) or artificial CSF (aCSF) was chronically infused through a cannula implanted into the 4th ventricle that was attached to an osmotic minipump (model 2004; 0.25 l/h) as previously described [15, 36] . Beginning the day after surgery, caffeine was administered by daily intraperitoneal (i.p.) injection in order to accurately control the dosage. Rats were assigned to 1 of 11 different groups in which they were infused with either aCSF or LPS into the 4th ventricle and injected (i.p.) daily with either 0.9% saline (Sal, 1 ml/kg) or caffeine (Caf, at 0.5, 5, 10, 20 or 40 mg/kg/day) over a period of either two or four weeks; groups sizes ranged from 3 to 8 rats. Histological analyses were performed to confirm the effects of LPS and caffeine treatment on the number of activated microglia in three regions of the hippocampus, the dentate gyrus (DG) and areas CA1 and CA3. The monoclonal antibody OX-6 (final dilution 1:400, Pharmigen, San Diego, CA) was used to visualize activated microglia cells as previously described [15, 36] . This antibody is directed against class II major histocompatibility complex (MHC II) antigen. Areas of interest were determined as previously reported [36] , their surface area measured, and the immunoreactive cells numerated in two sections and both hemispheres from each rat allowing us to determine the average number of immunoreactive cells per millimeter square.
Immunostaining for OX-6 revealed numerous highly activated microglia cells distributed throughout the brain of LPS-infused young rats. The activated microglia had a characteristic bushy morphology with increased cell body size and contracted and ramified processes. Rats infused with aCSF had very few mildly activated microglia evenly scattered throughout the brain. The results are consistent with our previous studies [15, 16, 29, [35] [36] [37] .
A two-way ANOVA of the data revealed an overall main effect of group (F 10,308 = 10.4, p < 0.001), an overall main effect of hippocampal region (F 2,308 = 47.3, p < 0.001) and a significant interaction between experimental group and hippocampal region (F 20,308 = 3.5, p < 0.001). Post hoc analyses (Fisher LSD) indicated that the infusion of LPS for both two (Fig. 1) and four (Fig. 2) weeks significantly (p < 0.001) increased the number of activated microglia within the DG and CA3 regions, but not the CA1. In all rats infused with LPS, the DG and CA3 region had significantly (p < 0.05) more activated microglia than did the CA1 region; consistent with our previous reports [23, 24] . Caffeine administration significantly (p < 0.001) reduced the number of activated microglia in the DG. These results indicate that caffeine treatment is effective against the activation of microglia induced experimentally by chronic infusion of LPS in young rats. Surprisingly, 40 mg/kg/day of caffeine was effective after administration for two weeks, but not after four weeks. These results are consistent with the hypothesis that chronic administration of caffeine produces a time-dependent "effect inversion" with regard to its neuroprotective actions within the brain [20] that might be related to changes in the density and affinity of A1 receptors [21, 27] .
Because recent evidence suggests that caffeine's effectiveness may be related to age [12] we subsequently administered caffeine (40 mg/kg/day, i.p.) or saline (1 ml/kg, i.p.) for two weeks to a group of aged (24 months) F-344 male rats. Normal aging was associated with a significant (p < 0.05) increase in the number of activated microglia within the CA3 region and DG, but not within CA1 (Fig. 3) . Caffeine administration significantly (p < 0.05) reduced the number of activated microglia within the CA3 hippocampal region of the aged rats.
The current study demonstrated the ability of caffeine to significantly reduce LPS-induced microglia activation in young rats in a manner that was influenced by the duration of treatment and dose. We estimated that a dose of 40 mg/kg in a rat was roughly equivalent to 3-5 cups of coffee per day, a dose that, according to epidemiological findings, is neuroprotective in humans [1, 7, 28] and, for a 0.3 kg rat, an equivalent dose for a 70 kg human of approximately 400 mg/day (calculated as mg/kg rat × (kg-rat/kghuman) 0.33 ). However, if the metabolic rate of a rat is corrected for, 20 mg/kg is equivalent to approximately 4-6 cups of coffee and /mm 2 , mean ± SEM) of activated microglia was determined in two sections from each rat in both hemispheres and from three different hippocampal regions after two weeks of saline or caffeine (40 mg/kg/day, i.p.) administration. LPS + Sal had significantly (*p < 0.001) more MHCII-IR microglia in the DG than did aCSF + Sal. LPS + Caf 40 had significantly ( † p < 0.001) fewer MHCII-IR microglia in the DG than did LPS + Sal, and did not differ significantly from aCSF + Sal.
40 mg/kg is the equivalent of 6-9 cups [14] . Consistent with this concept, drinking 3 cups of coffee per day provided the optimal protection against cognitive decline, 4 cups was protective but less so, and drinking 5 or more cups per day was not protective in a large prospective study of the FINE cohort [40] . This discovery may explain why a dose of 40 mg/kg/day was effective in both young and aged rats when administered over a two-week period, but was not optimal compared to a dose of 20 mg/kg/day when administered over a period of four weeks.
Chronic neuroinflammation is associated with dysregulation of glutamate neurotransmission that may contribute to the pathogenesis and cognitive decline associated with age-related neurodegenerative disorders [35, 36] . We have previously demonstrated that the antagonism of glutamate neurotransmission post-synaptically at the NMDA channel, via memantine, significantly reduced LPS-induced microglial activation in young rats [29, 35, 37] . Here we document a reduction in the number of activated microglial within the hippocampus in response to antagonism of adenosine A1 and A2a receptors in the presence of both experimentally induced neuroinflammation in young rats and naturally occurring neuroinflammation that is typically present in aged rats. Taken together with previous results [7, 14] the current study suggests that caffeine, via direct action at microglia and manipula- tion of glutamate neurotransmission, at an appropriate dose and duration that is yet to be defined, may restore this equilibrium in the brain by reducing the impact of microglial activation that potentially underlies aspects of age-associated neurodegenerative disorders, such as Alzheimer's and Parkinson's diseases, that have a prominent neuroinflammatory component.
